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ABSTRACT

This thesis compares attributes of the heavy 1lift launch
vehicle options that are available for the United States to
ruse in support of the Space'Explo;ation Initiative. The
systems compared are the Advanced Launch System, Shuttle-C,
Satu:n V/f-l and Eﬁergia. The F-1 development history is

: presented along with the proposed development of the ALS and

Shuttle-C. Advantages and disadvantages of each of the

systeﬁs are presented and possible trade~offs between them are

discussed. The tpesis shows that the option that is most coét
effectiyé and can be used to support the deployment of Space
Station Freedom is that of developing a booster with a core
| engine like the F-1. 1In coqclusion,.a recomﬁendatioh is given
as to what tﬁe'beét option,'witﬁ regard to both short and long
term mission reguirements, is for.a new heavy lift launch

vehicle for the United States.
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- I. INTRODUCTION

.Oon the twentieth anniversary of the first manned lunar
landing, 20 July 1989, United States President George Bush put
forth a challenge fo the people of the United States:

P | long—rangé continuing commitment. First, for the
coming decade, for the 1990s, Space Station Freedom, our .
critical next step in all our space endeavors. And next,
for the next century, back to the Moon, back to the
future, and this time, back to stay. And then a journey
into tomorrow, a journey to another planet, a manned
mission to Mars. Each mission should lay the groundwork
for the next. [Ref. 1l:p. 1-1] :

This challenge was addressed by the National Aeronautics
and Space Administration (NASA) Synthesis Group. Chaired by
former astronaut Lt. Gen. Thomas P. Stafford, USAF (RET.), .the
Synthesis Group report, America at the Threshold, puts forth
the Space Exploration Initiative which outlines four
architectures developed in order to realize.‘six specific
"visions" which are meant to "guide and direct our space
efforts" in order to meet the President's challenge with,
respect to the return to the Moon and the exploration of Mars.

These four architectures are

. 1. Mars Exploration
2. Science Emphasis tfor the Moon and Mars
3. The Moon to Stay and Mars Exploration

'4. Space Resource Utilization. [Ref. 2:p. 5] .




These architectures are both broad in scope and aggressive in
schedule. There will be, according to these architectures,
a human mission to the lunar surface as early as 2003 and a
human mission to the Martian surface.as early as 2014 [Ref.
2:p. 5]. There are, of course, tremendous eéonomic and
technological differences between each 'of these four
architectures but there are two factors tﬁat all four of them
depend upon. The first is the restoratiqn.of a heavy 1lift
lauﬁch capability and the second is the redevelopment of a
nuclear propulsion capability [Ref. 2:p. 6j.

The aréhitectures outlined in the Space Exploration
Initiative are focused more oh the distant future whereaé
Space Station Freedom is garnering widespread public att;.ention
and funding right now.v'Although the ex#ct details of the
final configurationﬂof-Freedom aré uncertain it is fairly
.certaip that the final mass of ffeedom in low earth orbit will
be in the neighborhocod of 1.5 million pounds, and it is
~ scheduled to be-ﬁanned.and operating by 1998. Although some
of the hardwa:e for the Spacé Station can be 1éunched by
iother; exis;ing 1auﬁch veﬁiclés, the‘méjofity'of the mass of
Freedom is scheduled to: be launched by the Space
Transportation System (éTS). with a yaximuﬁ payload of
appfokiﬁately 40,000‘§ounds Freedom would féquire thirty eight
fully dedicated launches of the spéce Shuﬁtle;v_hﬁ current
iaunch rates for the Space Shuttle of perhaps six launéhes per

" year this would require more than six years just to'get the
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hardware for Freedom inco low earth orbit. This schedule
would ignore the tremendous backlog of scientific and other
payloads that resulted from the loss of Challenger oh 28
January 1986. With that in mind Freedom would seem to be
another part of the Presidential challenge that could benefit
from the advent of another launch system that would be able to
orbit the required mass in less time and, it is hoped, at less
expense than, that provided by the current - United sStates
inventory of launch vehicles. This sentiment is boldly stated
in the executive summary of the Report of tha Advisory

Committee on the Future of the U. S. Space Program, commonly

known as the Augustine report:

.'We further conclude that NASA should proceed immediately
to phase some of the burden being carried by the Space
Shuttle to a new unmanned (but potentially man-rateable)
launch vehicle. The mnew launch vehicle should offer
increased payload capacity and be derivable wherever
practicable from existing components to save time' and
cost. ...Such an evoiving heavy lift launch system should
be designed to produce substantial reduct-ons in launch
costs.... [Ref. 3:p. 7]

In January, 1959'Presidenf Eisenhower received a report

from NASA that outllned a plan for a natlonal space vehlcle

program.‘ Authored by Mllton Rosen the report emphasized the

lag in American rocket technoloqy with respect to the Soviet
Unicn and called for a new generafxon of . large boosters. The
report went on to say that the boosters that were in use at
that tlme vere de51gned for a 1im1ted mission and did not

possess the design characteristlcs required by future needs of

the National Space Program, [Raf. 4:p. 36] The National Space

o
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Program at that.time called for manned missions to the lunar
surface and the establishment of a permanently manned space
stationv[Réf. 4:p. 24). Although this report was written more
than thirty' years ago its point is germane today. The
Aconclusiéns of both the Staff§rd Commission and the Augustine
Report also seem to point rather strongly to the ract that the
United States again has a definite need for another laﬁnch
system. The above quote from the Augustine'report“gives,an
initial 'feel for what capabilities a new launch system should
provide, aﬁd President Bush's challenge defines the ﬁission
for which this new launch vehicle will be used. There seems
to be very litfle difference between the mission needs of 1959
and 1991 nor does there seem to be much diffeéeﬁdé in how this
mission need will bé met.

CUrféntly two systéms thaf are wundergoing program
Aefinition'at this time have gained widéspread support from
NASA and the acquisition community. These are the Shuttle-C
(Cargo) aﬁd‘thg Adyanced Launch System (A{ﬁ). The Shuttle~C
is an unmanned derivative of the Space Shuttle and has the
advantage'of?commonality with thé cufrent Space Shuttle but
does little to improve the capability to lift_mass to low
eafth.orbit that the STS can provide. ' The Advépced'Launch"
5ysteﬁ iéfa joint'ﬁ.s._Ai* Force and NASA proqraﬁ.that is
being studied and affords.a moderate ievel of commonality with
 the Space Shuttle but will require an extensive development

program with all the inherent risks thervein.
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Two other pfograms that hive received less support'from
NASA and the acgquisition community'are the redevelopment of
the Saturn V Heavy Lift Launch Vehicle (ceﬁtered around the ¥-
1 engine, this was the solutiecn to the mission need of 1959),
and the use of international launch systems, nost notably‘tbé
USSR's Energia.

The objective of this thesis is to assess the merits of
recualification of a prov;n but dofmant system versus the
adaptation of an existing albeit other ccuntry system over the
development of an ehtirely new system; By comparing the costs
(relative to both treQSurev;and time) of the Safurn \Y%
requalification or Energia  adaptation to the costs of
developing the Advanced Launcy System or the Shuttle-C, it
will be seen that the challeﬁgés of the return to the Moon to
stay and manned e?ploration éf Mars can hest be answeréd by

the use of systems that have alfeady been devéloped.




I1. THE MISSION

The ultimate goal of the Space Exploration Initiative is

to re-establish the United States as a leader in space

exploration. Towards this goal the broad mission requirements:

for the future have been outlined in the four architectures
pﬁt forth in the report of the Staffcrd Commission [Ref. Z:p.
5)]. Though these architectures are good for motivation and
goai setting they‘do very little for desiéning and choosing
the equipmeﬁt that will ultimately be needed to realize these

goals. '

The specific mission requirements can be defined in any

number of ways but the most widely used method is tied

directly to the delivery of sbecific pounds of payload. to
specific orbits. From fhé ppunds of paylocad to a certain
orbit launch rates ard schedules can be calculated for various
mixtures of available launch systems.

According to NASA and Air Force documents the projected

mass- to lcw Farth orbit (LEO) in support of Space Station

" Freedom, the Space Exploration Initiative, Stiategic Defense
. Initiative, and oth~r Department of Defense and commerciai

missions is on the order of 5,000,000 pounds per year [Ref.

5:p. 22]. If the United States were to rely solely on the

. Space Transportation System (STS) this would require 125

launches per yéar assunming a 40,000 pound payioad capacity for
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' the Space Shuttle. Of course many of these launches can be

.performed by other systems such as the Titan IV, Atlas II, and
 De1ta 1aﬁnch‘vehicles, none of which can carry greater than
60,060 pounds to LEO. Regardless of‘the launch vehicle used
- 100 6r more launches per year would require a successful
.launch every 3-4 days. The United States simply has not beén
able to support a launch rate this hich. 1In crdér to still
achiéve the requirement for placing 5,000,d00 pounds into LEO,
several options could be bursueu. jThe’most widely agreed upon
and seemingly efficienﬁ method of achieving this goal is to
increase tlie payload cépacity'of available launch vehicles.
This method makes sense both economically énd statistically.
With regard ‘to economics, costs for launch vehicles
inérease siowly with size and payleoad capacity and rise much
more rapidly with increased reliability and complexity [Ref.
6-p;v4] Therefore if the United States wishes to pursue a
schedule of more than 100 1aunches per year the reliablllty
and consequently the complexity of the launch vehicles will
need to increase greatly-frcm the present. Increased launch
rates and increased rel;ablllsy will cause costs to skyrocket.
However, if the payload capacmty of the United States launch
vehicles were 1ncreased then :ewer launches would be: requirod.
Relzabilmty and camplaxzty could be reduced if thesa new .
launch vehicles were unmanned. Tpis would result in a lower
-cost solution'fo th? problem of piacibq 5,000,000 poundé into

LEO. statistically. it makes intuitive sense that by reducing




the number of launches then there will be a greater likelihood

of miésion success simply as a matter of not going into harms
way as frequently.

With‘the mission defined as pounds to LEO, as opposed to
the less quantitative defiﬁition.put forth in the Stafford
éoﬁmission report [Ref. 2:p. 5], then the design for the
solution to the problem Becomes; how can we best place

5,000,000 pounds into LEO?




III. THE SATURN V AND THE F-1 ENGINE

A. DEVELOPMENTAL HISTORY

At the height of the "Spacé Race" in August; 1958 the
Advanced Research Proﬁecﬁs Agency (ARPA) gave specific
guidance and authorization of funds to the Army'Ballistic
'Missile Agency (ABMA) for the déﬁelopment of a large spacé
vehicle booster. This booster was to provide approximately
1,500,000 pounds of ﬁhrust. This neﬁ-launch vehicle was known
as the Juno V and was regarded by tne director of ABMA, Dr;
Wernher von Braun; as the realization of a dream and the
beginning of Saturn. The Saturn designation was frequently
used by von Braun and. others af'ABMA. [Ref. 4:p“ 28]

Df; von Braun and his teanm of engiﬁeers at Huntsville,
Alabama had been doing extensive research on large boosters
fér a'numbér of years. When the National Advisory Committee
lfor Aeronautics (ﬁAcA) fogmed The WorXing Group onIVeﬁicuiar
~Programs vin' January, 1958 it appointed wvon Braun as the ‘
‘chairman. When the final report from the working group was
published in October, 1953 not only had NACA changed to NASA
but von‘BrﬁunAﬁas able to_publicly éreSeni his ideas for a
very large booster. This booster was to have a cluster of two
to four éngines of 1,500,900 pounds of thrust each, reéulting

in a ;otal thrust of up to 6,000,000 peunds. {Ref. 4:p. 34)




Since NASA had been designated by President Eisenhower as

the agency to conduct manned spéce flight programs it had

‘considerable need for ﬁhe type of booster that von Braun was

proposing. NASA went on to develop their own largé booster,

the Nova. The No?a would'incorporate the Juno V as an upper

stége and was seen as the first launch vehicle capable of
transporting a han to the lunar surface and retﬁrning him
safely to earth. NASA focused the majority of its research

and development.attention’tbwards Nova and Junq V and through

‘thg course of 1959 the  Juno V program name was changed to

saturn. [Ref. 4:p. 37]

In order to fund the work on both Saturn and Nbva it was
decided that ABMA would take err the Saturn project. As it
turned out, that put Saturn in the Department of Defense (DoD)
which saw the Saturn program. as too expensive and not of much
military value apd it was very nearly canceled in June 1959.
Since NASA vefy much needed the Saturn program ‘to support
other projecﬁs, Milton Rosen and Richqrd cénright from ARPA
spearheéded an effort to save Saturn. ”In'0c;6ber, 1959 that
effort péid off and resulted in ABMA and Dr. von Braun being
transferred to NASA. [Ref. 4:§._ 39] ' By a presidential
execuiiVe order issued on'15 March 1960 ABMA becamé'uarshali
Space Flight Center (MSFC) and Dr. von Braun subsequently
_became its first airéctor‘LRef. 4:p. 42).

This transfer would ultimately Speli the end of Nova but.

would keep intact the brain trust that had the most expertise
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in the development of large space vehicle boosters and would

make Saturn the preeminent booster program for the United
States. | | |

From 1958 through the time of the transfer of AEMA to NASA
{the Saturn program, as defined by ABMA, Qas'to be designed for
economy as well as power. The ‘econohic constraint was
satisfied by exclusively using existiﬁg hardware, but there
appeared to be no combination of gxisfing hardware that was
capable of providing the 'power necessary to meeﬁ the goal§ of
the ‘National Séace Program. So something had to change. The
first stage was deemed guitable aﬁd would not change. it
would remain as a cluster of Ker§sene (RP-1) and Ligquid Oxygen
(LOX) fueled engines providing 6,000,000 pounds of thrust at
lift-off, but the upper stages were ﬁot suitﬁble and would
need to be changed. »

During the time of' the transfer of ABMA. to NASA
considerable ;esearch &as‘done on usiné various cOmbinaticns
of modified uppér stages’ of the Titan and Atlas vehicles for
tha ubper‘staées\of the Sa;u?n. This proved to'beja dead end
in two'réspecﬁs. First the hybrid Atlas/Titan upper stageQ'
‘were'not'capgblg of providing the power that waﬁ'desiréd and -
secondly the small diameteﬁiof these sﬁaqes placed sévere'
sizing cbnstraints.pn tﬁé.payload_design,  It wés decided
" that the}upper stages of the Saturn could not be fe;liied from
existing<hardware and a whole new system wcu1d need7to-be’

deQeloped. {Ref. 4:p. 44)




The answer to this design question came out of a committee
chaired by Abe Silverstein, NASA's Difector‘of Space fliéht
Developmeni.. The primary task of the Silverstein Committee
was to select upper stage configurations for the Safurn [Ref.
4:p. 45]. The final recommendation that came out of the
committee was that it would be best to use the contro&ersial'
new high energy fuel of Liquid Hydrogen (LHZ) and Lox}
referred to simply as Hydrogén fuels, as 6pposed.'to 'the
convéntional'RP-l/LOX fuel, réferred tolas Hydfocarbon fuels.

Many of the committee members, von Braun included, were
skeptical of using untried engines and exotic fuel; in a
program initially designed to be sdméwhat low risk. With
Silverstein as the primary advocate for th~ Hydrogen fuelsvthe
decision was made to base the upper stages of the Saturn ‘on
the engines of another new'upper sﬁage design called Centaur.,'
Dr. von Bfaun and thg rest of the members of the committee
accepted this advocacy with the reasoning that there would be
enough Centaur launches, prior‘to_usinq theée,eﬁgines in the
saturn, to work out any problems and thereby'rgduce the risk
to acceptable levels. [Ref. 4:p. 46] Thé,Centauf'tufned'oﬁt
to be an unqualified success and is still in use as of‘thié
writinq. | | | | ‘

ﬁith the problems of the upperlsfages solved the focus of
attention went to the.definition of payloaﬂs and missions.
After  much discussion; debate and presidential direcﬁion-a.

;imetable was set for the ultimate.missioﬁ of landing' a man on
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the Moon and returning him safely to earth. With the’miésion'
fully defined there remained the problem of how to achieve the
desired results. Depending on how a man was to be sent to the
Moon different configurations of the launch vehicle emerged.

There were three primary methods discussed on.how to get
td the Moon. First was the direct ascent method‘whereby a
Nova launch vehicle yould boost a very large, and complex
vehicle directly to the Moon. The Nova would consi;t‘of eight
RP-1/LOX Rocketdyne F-1 engines in the first stage.to provide
nearly 11,000,000 pounds of thrust to boost the massive
payload out of the Earth's atmosphere. The second.étage would
consist of two F-1s producing 2,700,000 pounds of thrust and
would be used to adjust inclination and would establish the
coarse trans-lﬁnar injection. Then four hydrogen fueled
RoCketdyne J=-2 enéines from the S~II upper stége (as'agreed
upon in the Silverstein comﬁigtge) would provide 700,000
pounds of thrust for final alignment to thé Moon. - The fourth
stage would consist of the S-IV with six Pratt ana whitney RL~-
1£5 Centaur engines that would provide 82,000 pounds of thrust
for-mid-céurée cﬁrréctipns ana Qescent"fé‘the Lunar surface.i
The‘fifth stage would be two of the same Centaur enginés as in
the fourth sﬁaée and would provide 27,400 pounds of thrusﬁ and
would be used for ascent from the lunar surface and retutn to
the Earth. The objective of the direct asgent-methodlwaé to
liftoff from the Earth and land on the Moon without orbiting

_either planet. This meant that a very large and heavy vehicle’

13




would iliave to descend to the lunar surface and also liftoff
from the sﬁrface. {Ref. 7:p. 158]

The second method was referred to as Lunar Orbit
Rendezvous (LOR). This method called for a Saturn C-5 with
five F-1 engines in the first stage, this was called the S-IC,
providing 6,000,000"pounds of thrust, a second stage
consisting of the S-II with five J-2 engines providing 910,000
pounds of thrust and a third stage consisting of the new S-IVBV
with one J-2 engine providing 182,000 pounds of thrust. [Ref.l
7:p., 161] The main feature of thié method waé the weight
sévings realized by launching from the Earth and then, instead
of landing directly on the Lunar. surface, establishing an
orbit around the Moon. From :his orbit a smallér vehicle
could be dispatched to the surface and an even smaller vehicle
could return to the orbiting vehicle. This descent, landing
and return with smaller vehicles was the kev:tone to the
weight savings as compared to the requiremen-: *-r the direct
ascent method. [Ref. 7:p. 158)])
| The thirﬂ method was cailed the Earth Orﬁit Rendezvous
(EOR). This called for a series ptﬁ Saturn C-5 launches
placing the components for a Nova in low Earth orbit (iEO) and
assembling them on orbit. After the pusts had been assemﬁled
and the vehicle was manned,.it would tiien proceed on a.djrect
, ascént to the Moon; [Réf.'?rp. 159])

Althopqh'it was‘genetally accépted that all three-yethqu

were feasible a Lahq;eyveﬁqineer'by the name of John‘Hoquit'
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felt very stfongly that the LOR was a simple cost effective
scheme with high likelihood of success. Houbolt felt that the
other two methods required boosters that were too large and
lunar landers that were too complex. [Ref. 4:p. 64)

Affer much debate, most notably by Milton Rosen. who
favorgd'the Nova direct ascent method (Ref. itp. 65], LOR was
accepted by everyone concerned and the final configuration of
the Saturn was solidified. The designation of the launch
vehicle described in the explanation of thé LOR method was
sub;eqUently changed from, Saturn C-5- to Saturn V in eariy
1963. [Ref, A:p. 60] |

What this developmental history clearly points out is that
during the development of the Saturn V the engineers invélved
were passionate about their mission but not to a fault. Each
" of the pivotal meﬁbers of this history méking evolution could
clearly define what the solution to the problem would look
like in their own eyes. But none were so adamant in their own
design that a clearly stated and reasonable alternative was
‘rejected.  To wit, Dr.'voh.Braun pursued his dream of a large
. bbostef using clustered hydrocarbon fueled engines. His dream.
‘had to be altered somewhat when Abe Silverstein made the case
for using the exotic hydfoggn engines to gain higher specific
impulsé at’altitgde.~ ﬁilton Rosen‘salvaged the Safdrn program
'by absofbing .ABMA jinto INASA but had vto Aemure to John

Houbolt's more efficient method pf'fulfilling the mission and

thus had to let Novabgive way to Saturn V. . Although not
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stated in this history but clearly remembered by those who
lived through those times was the sense of urgency surrounding
the "Space Race". President Kernedy motivated'an entire
nation by proclaiming on 25 May 1961 that:
Now is the time to take longer strides, time for a great
‘new American enterprise, time for this nation to take a
clearly leading role in space achievement, which in many
ways may hold the key to our future on Earth. I believe
that this nation should commit itself to achieving the
goal, before this decade is out, of landing a man on the
Moon and returnlng him safely to the Earth. [Ref. 7:p.
154) ,

The magnitude and directness of this challenge resulted in
the finest workmanship imaginable. It is possible that at the
present time the 1level of motivation and dedication of
resources that resulted in the Saturn V may not be achievable.
It would be somewhat negllgent to forego the dedicated efforts
of thlrty years ago and then attempt to duplicate the same
effort in an entirely different motivational climate. As w111
be shown in the following éection the efforts of thirty years

ago resulted in a launch success rate, with"respect to both

schedule and cost, that has never been equalled.

B. THE F-1 ENGINE

Aithough thé:Saturn ? was an iﬂtegrated system consisting
of three stages:; the S-~IC first stage, the S~-I1I seéond stage,
and the SfIVB:third stage; mo#t peOple‘éssociaté'the name
Saturn V .with only the first: stage; Although this is

inaccurate from a pedantic point of Viéw the S-IC was indeed
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the impetus that ultimately lifted the massive payloads, that
were required for the lunar missions, from the surface‘of the
Earth. Without the S-IC the upper'stages would not have
mattered. Since the focus of this thesié is on the resolution
‘of‘the lack of ability in the United States launch vehicle
inventory to lift paylicads in excess 6f 60,000 pounds into low
Earth orbit it is on the first stage of the Saturn Vv that the
remainder of thlS chapter will concentrate.A

The central feature of the S-IC were thé engines. The
engines, designated F-", were developed by Rocketdyne'for an
Air Force program in 1955, When NASA was formed in 1958 it
absorbed several Air Forc+ programs and the F- 1 was to be one.
of the more 1mportant ones. The F-1 program came to NASA
along with nearly all of the Air Force expertise and reports
that had bee.n done in previous yearg on these massive engines.
- After an in-house feasibilitylstudg was performed by NASA,
Rocketdyne received. a contract in 1959 to produce an engine
with a thrust of 1,500,000 pounds. [Ref. 4:p; 105] The first
production F~1 engines were delivered in October 1963 and the
‘first S-1C cluster of five F-1 engines was tested af Marshall
Space Flight éenter in April 1965, ?he{entire p?oduct;on fun
of 98 engines wasfcompletéd in October 1969. [Ref. 8:p. 4)

The F=1 is‘éonsidered to be a ;phvéntional-engine using a
combination of liquid'fuel and a crybggnicﬁbkidizer. The fuel
uSed;is kerosene (RP-~1) and the oxidiiet is liquid oxygeh

' (LOX). The engine as delivered had a nomli‘na'l thrust of
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1,522,000 pounds at sea l<vel and 1,748,200 pounds in vacuun
and a specific impulse, which is the total impulse per unit
weight of propellant [Ref. 9:p. 21], of 265.4 seconds at sea
lz2vel and 304.1 seconds in vacuum. [Ref. 8:p.‘2] The F-~1 had

a dry weight of 18,615 pounds [Ref. 8:p. 2]. Although the

mission that would ultimately use the F-1 called for only one

firing for a maximum of 166 seconds [Ref. 4:p; 408}, they were
qualified to 20 starts and 2250 seconds [Ref. 8:p. 2].

Ultimately 65 F-1ls flew on thirteen missions and exhibited

' 100% reliability (Ref. 8:p. 2].

When the F-1 was first developed there existed no veﬁicle
nor mission that would require such a huge engine [Ref. 4:p.
105)]. Those shortcomings were short lived as the manned lunar

missions took their final form and the final configuration of

. the Saturn V was confirmed on 10 January 1962 [Ref. 4:p;106}.

As the final configuration of the Apollo missions were defined
it becamme evident that the Saturn V was going to be required
to place nearly 346,000 pounds into low Earth'o:bit in ofde;
to fulfill the manred lunar mission [Ref. ll:b. 2].

The F-1 engines were immehse'by any. standard and the

maﬁori;y of the problems encountered with the development of

‘these engines were connected with their sheer size [Ref. 4:p.

127). It was found that simply scaling up from the 200,000
pound thrust H-1 engine, used in,ﬁhe Saturn I first stage, did
not produce acceptable results. The major probiems in the F-1

development were in critical areas such as the injector face,
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the turbb-pump,,the thrust chamber and techniques for brazing
the thousands of connections required in the engine. [Ref.
4:p. 109] But these problems were quickly and successfully
overcome.

A testament to how well the F-1 engine was designed caﬁ_be
found in a test performed by Rocketdyne in 1972. The test was
‘designed to prova that the Saturn V configuration would be
acceptable to place Skylab into Qrbit. The only F-1 engines
available for the Skylab mission hadllong~since been put into
storage: Theréfore an enginévthat had been deliverer to
Marshall Space Flight Center in 1965, tested.in 1966 and had ‘
since been stored waé subjected to two extended firings in
June 1972. The engirne was then thoroughly inspected and
analyzed; no abnormalities were found. [Ref. 4:p. 126] These
tests paved the way for the Skylab mission tq proceed so that
on 14 May 1973 the last launch of the Saturn V boosted nearly
200,000 pounds of Skylab hardware into a 235 nautical mile
circﬁlar orbit [Ref. 10:p. 5].

Although the Saturn V had performed its mission superbiy
it was.abandoned.for what was beiﬁg viewed as thé ldw-ccst
launch vehicle of the future. In Fiscal Year 1975 dollars it
was pfbjected that a féusablelSpacé Transportation'System
wbﬁld sign§1 th=» end of the "brute force" period in launch
.vehicles for tﬁé United Stateé. Payldad delivery costs were
expeétgd‘to drop from tﬁe $800.00 « $1000.00 per pound range

down to aboiut $100.00 per pound or even less. With these
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tremehdous savings payload flight requests had already -

dictated a launch raﬁe‘qf mpré than one per week. [Ref. 12:p.
7-14] With this new system in the spotlight the aging and
expensive Saturn V was seen as. a'dinosaur and any furthér
development cor mission profiles that would benefit from this
very ‘highly successfulxiaunch system wefg canceled. The

Saturn V was dead, long live the.Shuttle.

C. FURTHER DEVELOPMENT OF THE F-1

The basic F-1 had a thrust of 1,522,000 pounds and a ten

flight capability. With overhaul of the LOX turbopump, this

lifetime couid be extended to 20 flights. An-extended life F-

1 was tested at the same thrust rating with a 25 flight

lifetime and a 50 flight lifetime with overhaul. - A higher
thrust derivative was also tested which had a thrust range
from 1,570,000 to 1,800,000 pounds with the same lifetime as

the extended life F-1. The biggest advantage of these 'engines

were their’reusability_ahd throttling capability. [Ref. 8:p.

24) Reusability was abh;éved by strengtheﬁing many of the
components'such as tne nozzle extension, the thrust chamber

and the'turbine.exhéust'hanifdld.

In the context of using the F-1 as an engine for launching . .

payloads of the future it could be Argued that the most

important improvement to the basic F~1 would be the ability to

throttle the thrust lavel. With the ability to throttla the

thrust level there is a greater ability to provide for engine
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out capability. In the event that an engine fails during

ascent it is the gimbal mechanism gf'thé engine that was

relied upbn to provide for directional control of the 4

spacecraft. The loss of thrust that results from the loss of

an engine generally results in the payload notvachlev1ng the

desired orbit. With throttling, the thrust of the other

engines can be increased to compensate for the loss of at.

least one engine. That's one of the advéntages of aircraft
with more than one engine: the loss of an engine is not

automatically catastrophic loss of the missibn.

The throttling capability in the séerivative Fels was

tested in two different modes. The first mode is step
throttling where the thrust can be incrementally adjusted in
setiamounts. 194 tests were conducted bn the F-~1 with 50,006
to 70,000 pound' thrust increments. The second mode is

continuosus throttiing where the thrust is infinitely variable,

on command, between certain limits.  Severn tests were

conducted with continuous throtiling froﬁ 1‘250 000 pounds of
thrust to 1,840,000 pounds of thrust [Ref $:p. 30]

As an example assume. a cmnfiguratlon of six F*I engines.
| With each engine producing 1,250,000 pounds of thrust then the

i total thrust would ba 8, 100 000 pounds. If cne engine ware to

fail the remaining five Vangines could be throttled to

1,620,000 pounds of thrust to compensate for the loss of the
one engine. Although this is a very basic treatment of the

problem of ar engine loss on ascent, it shows that there is
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additional capability with the "brute force" F-1 than was used

for the Apollo missions. It is intergsting to note af this
point that the only engine failure that was experienced during
the‘Apollo proaram was experienced by the S-II second stage
during the launch of Apolio 6. The S-IC stage'worked'as
advertised but 4.5 minutes into the S-II second stage burn
(five hydrogen-fueled J-2 engines),. the number two engine
shutdown followed shortly thereaftgr by the loss of the number
three engiqe. The spacecraft still managed to gain orbitél,
velocity and was not an entire loss. [Ref.4:p. 360] This is’
yet another testament to the robustness of the Saturn V launch
vehicle. |

The F<1 was not entirely without prcblems.' The biggest
problem encountered was a thing called "Pogo gffectﬁ. ' This
was nﬁt really a pfoblem with the engines so much as it was a
problem with the whole spacecraft. Pogo‘turned out to be a
manifestation of the’natufal'vibration frequency of the
; engineg during their Burn of 5.5 cycles per second. Near the
end of their burn, |at around two minutes, the' natural
frequency of the énti e spacecraft was 5.25 cycles per second.
This coupling of frequencies ‘resulted in vldngitudinal
6scillati§ns of the spacecraft at-aibund;s cycles pé: second.
This was not deéttuctive but it was uncomfortable for tha
passengers and could cause unproéfammed stresses on the upper
elements of the space¢raft. The solution to this pfoblem was

to "detune" - the engine frequencies away from that of the
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spacecraft. [Ref. 4:p. 362] The point of this section is that

any problems that were encountered with the Saturn V have long

since been solved and are unlikely to haunt future launches.

D. F~1 ENGINE REFURBISHMENT

There can be little.argument'that *he F-1 was a great
englne in its day and that it performed its mission w1th
aplomb Although the performance of the F-1 was spectacular
by any measure there is considerable ongoing debate as to
whether or not the F-1 could be as successful today and in the
future. Many of the arguments against the Fel revolve around |
the difficulty'and expense of re-eetablishing the production
and.test facilities that have long since been dismantled.
Thefe are also several‘questions as to who could shpply,the
materials needed for such a large engine. The answer to these
arguments is the subject of this section.

There are several F-l engines scatte’ed around the
coﬁntry Rocketdyne Division of Rockwell I ternatlonal has
1dentif1ed thirteen that would be likely ndidates for a.
refurbisbing‘program [Ref. 8:p. 34]. There are five engines
et Johneon Spaceflight Center in Houston; Texas that have been
on dispLay'qutdeors and uncovered.’ There are eight at the
Michoud assembly facility in New Orleans, Louisiana. Of these
.elght engines, fiVe have been on displav cuﬁdoors and

_uncovered and three are stormﬂ in a checkout cell. The
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following refurbishment plan for these thirteen engines has
been proposed by Rocketdyne and was briefed to the Stafford
Commission in early 1991.
1. Full teardown and component evaluation of one engine.
This would help determine the effects of lo~g term storage
and aid in the re-establishment of disassembly, assembly and’
checkout procedures.
2. Set the refurbishment plan timeline. This would be done
by using existing overhaul specifications and the results of
the tedardown evaluation. There is experience for this type
of procedure coming from Atlas, Delta and RS-27 overhauls..
3. Procure tooling and checkout equipment.

4. Activate a turbopump checkout facility.

5. Refurbish other englnes for subsequent test and poss1b1e.'

flight use.

Thé projected timeline to prepare an@ checkout nne engine
is twelve months) with subsequent engines undergoing minor
refurbishment and delivéred for testiﬁg at a rate of about one
every two months ‘thereafter. Minor refurbishmentlmeans no
replacement of major parts and no turbopump green run. [Ref.,’
8:p. 36} . |

Pro;ected rough order of magnltude costs in ‘1987 dollars
for the F-l englne refurblshment plan are shown in Figure 1.,_
The non-recurring costs of engine dxsassembly angd fqllow—on
evaluation includes tooling, pianning, drawing retfieva;,‘
'proceduré checkouts, et¢c. The per engine recufring costs that
appear in the section Eorlfiight réfurbishment assumes that no

-new hardware is required above and beyond that required in
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order to requalify an engine for flight. Under nearly ideal
circumstances, this plan would be able to deliver a cluster of e
six F-1 engines at a cost of $15.8 million in roughly two

years. [Ref. 8:p. 36]

Engine Disassembly and Evaluation

Non-recurring CostS............ ceverees...$1.1million
Disassembly and Engineering Evaluatlon....$700 000 '
Total...,.... ....... Cevtiecssetenacnnaanas .$1.8million

Refurbishment for Flight

NOL-recurring CostS....eeeeeeens. .........$2.0miliibn
Recurring Cost per Engine....... teeseaanase $2.0 million

Figure 1. F~1 Engine Refurbishment Costs
This plan can be seen as a fairly inexpensive method of
providing a limited number of engines for testing and possibly

even short notice launch: requirements. ' The problem of

providing engines for sustained operations remains. In order
to support a program of frequent launches the entire F-1
production infrastructure would neéd to be re-established. .

That_wili be the topic of the next Section.

E. F-l PRODUCTION RESTART

The problems associated with restarklng - | productlon

 .faci1ity for an old systen are myriad but no more so than

those assoc;ated with starting a new production tacillty for

a new system. The prlmary elements of setting up a production
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facility are tooling, suppliers, materials,  drawings and
specifications, and test facilities.

The F-1 engine briefing that was'given to the Stafford
commission, as prepared by Mr. Paul Coffﬁan of Rocketdyne
Division of North American Rockwell, covers these topics and
provides a .preliminary timelihe for the production of new F-1
engines.

The tooling for the F-1 engine was scrapped in 1976. The

majority of the tooling ‘has since become obsolete and is not:

' compétible with current manufacturing téchniques. With this
in mind it can be éeen that existing drawings would be of
little use in a new F-1 engine faeility: therefore, new
drawings would need to be commissioned.  Tooling that would be
used in the‘manufacturing'process numbers 3,840 items. There
is a requirément for 2,736 items of tooling Qith respect to
suppliers, and another 832 items for material handling. It'is
estimated thaf the cost to obtain this new tooling is
$80,000,0do.00 in 1987 dollars and would take 24 months.
With regard to tooling all is. not bad news. There are
some facilities being used for the Space Shuttle Main Englne
(SSME) that could be used for' the F-1. The thrust chamber
'assembly equlpment and appurtenant facllltles are available.
The tube stackzng room and the hlgh~pressute flow area and
injector brazing furnaces are also available. [Ref. 8:p. 38)

Sixty pe;cenﬁ of the original'Fvl suppliers are ;till in

business and have expressed interest iﬁ particigating'in the -
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rebirth of the F-1. For those suppliers that are no longer in

business there are approved suppliers available for the

remaining major parts such as the heat exchanger duct’

assembiy, the liquid oxygen mating fing, the castings for the
fuel pump houéing, and the machining for the fuel pump
housing. fRef. 8:p. 40] '

The eétimated cost of reactivating all of the suppliers is
$14,000,000.00 in 1987 dollars apd would take 24 months} [Ref.
gép. 40) |
With regard to materials the news is even better. All of

the materials that were use on the F-1 are still in use today

with the exception of the material used to fabricate the 36

" inch turbine manifold. That material was known as Rene 41, .

A replacement for Rene 41 hasbbeen.identified and.tested. The
replacement is H&stelloy Cc-276 and was used to fabricate the
' 30 inch turbine manifold on the original F-1. To date two
turbines have been built and tested and results indicate that
there is no technical risk with'Hastellby‘C—276. {Ref. 8:p.
41) | ' |

The drawvings ;nd specifications that will be required for
the reproduction of the F-1 will need complete‘reviéw gnd
‘update. The cost and time éstihate~for.the complete overhaul
of the éngineerinq drawings and' 'specifications " is
$1,000,000.00 in 1987 dollars and eight months. [Ref. 8:p, 42]

During a phone conversation with Mr.' Paul Coffman on 21

February, 1991 it was indicated that the estimate for the
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drawings was perhaps a bit optimistic and that five to ten
million dollars was a more realistic estimate [Ref. 13].

The major stumbling block in the re-establishment: of the
F-1 encine production is the complete.lack of any suitable
test fgcilities. All of. the tesi facilities that were used
for the ApblloAprogram have either been dismantled or have
been conver;ed to othér.uses. Again, the biggest problem
associated with the F-1 test facilities is the sheer size of
the engine and the tremendous thrust that it generates.

‘There already exists a location that tests the turbopump

of the Atlas and the Delta 1launch vehicles. This test

+ facility, known as Bravo II, could be modified to test the F-1

turbdpump at a cost of $5,000,000.07 to $7,000,000.00 and
could be readyvin 24 months.

To test the engines for acceptancel»would require

. facilities at both the Jet Propulsion Laboratories test site

and at Marshall Space.Flight Center. The test site at the Jet
Propulsion Laboratory would cost $60,000,000.00 and could be

built in 36 months. A test site at Marshall .Space Flight

_Center for an S-1C stage would cost $30,000,000.00 and would

take 24 months to build.

These estimates were generated in the 1985-1987 time frame

by personnel that had originally worked on the F~1. Parallels

with the ongoing rework of'the_Atlaé and Delta launchers were
used as guidelines. The costs for theltooling were estimated'

using the top 20 cost drivers that were identified during the
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actual production run for the original F-=1 ir; the 1960's.
Although these costs and schedules may be found to be in error
they were made by personnel that have actual experience on the
system in question and, as much as possible,- they weré
generated using acﬁual data. [Ref. 13]

Figﬁre 2 shows a summarf of the estimated non-recurring
costs and schedule for the re—-éstablisﬁmént of an F-1

production facility.

.Tooling.............$80million....a.........24months
Suppliers.......... .$14million....veecnee...24 m.onths
Materials...;....' ...... cettsscseasonns - «Already éxist
Drawings............ $10million........ «......8 months
Test Facilities.....$97 millioN..............36 months

Figure 2. F-1 Production Costs and Schedule

with an estimated buy of 58 units the first F-1 pfcduction
engine,&il; cost $16,300,000{00 and the‘average cost per
engine will be 512,700,006,00; in 1987 dollars (Ref. 8:p. 44).
These include onlﬁ_the'recutrinq coéts,of the ﬁroduction pf
. the F-1 and do.noﬁ include aevelopmentkcosts or any other, non-
| recurring costs [Ref. 13]. Since the.leérning curve for the-'
production of the'F~1.;svunknoﬁn, the cost of the Theoretical
First unit (TFU) Qill serve as the primary cost figure_fﬁr

comparison purposes.
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F. F-1 SUMMARY

The F-1 engine haé a proud history of success, and it had
the advantage of being developed during a time when national
pride was at an exﬁfemely high level. Truly the best and the
‘brightest engineefs, designers, managers and laborers were
employed in an all out éffort to produce a machine that would
’be capablg of safely performing a mission that only a few
years earlier was in the realm of science fiction.

The F-1 is a proven and reliable engine and even though it
is not on the cutting. edge of technology the F-1 would appear
to offer some advantéges that currené and proposed systems
lack. The érimary advantages that' the F-1 provides the Unifed
States are low risk and low initial investment. The lack of
risk comes frbm the fact that the F-1 pas been proven.h The

_hydrocarbon engine, though ‘lacking somewhat .in specific

impulse, is a simpler and less temperamental ehgine. It was'

these very reasons that Dr. von Braun opted for this type
engine when he was faced with the problem of producing a high
thrust, low cost launch system. Risk is also reduced by the

availability of peréonnel that previously worked_on the F-1,

True} many of the key personnel have retired or have been more’

permanently removed from the industrial base but many are

'still available.
Lower investment costs are realized through the use of

existing engines for test and evaluation. 'Additionally there
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will be little or no need for expenditures oh research 'and
development of technologies to support the F-1.

The most diffiéult task~in.re-establishing a production
. line for the F-1, according'to Mr. Paul Coffman, will be the
- tooling and test facilities. Both of these probléms will be

present in any new System, also. [Ref. 13)
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IV. CTHER LAUNCH SYSTEMS

A. THE ADVANCED LAUNCH SYSTEM

The Advanced Launch System (ALS) or National Launch System
is a joint United States Air Force (USAF) ana NASA project
that hopes. to rill the vcid in the United States heavy 1lift
launch vehicle inventory. Although the project has not even
made it to the demonstration and validation phase of the
'acqqisitién cycle a fairly well def;ned systen has nonetheless
‘emerged.

The ALS as currently envisioned is more al"family” of
launch vehicles and the appurtenant testing, launch and
support facilities versus a particular type of launch vehicle.
The operational requirements for this family of vehicles is
outlined in a briefing prepared by Mr. Ed Gabris of the ﬁASA
Office of Space Flight, Heavy Lift Launch Vehicles [Ref. 14].
The requirements in this briéfing echo some of the sahe

mission requirements as discussed in Chapter II above and

. some other additional requirements as well. Two rejuirements

that‘;emain the'same are the pounds to LEO, 5,000,000 pbﬁnds,

and the reguirement to significantiy reduce launch costs. The
other requirements outlined in the briefing follow. ALS calls

for a vehicle that is suitable for payloads that may vary from

as little as 1,000 pounds to as much as 220,000 pounds. ALS
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. reliébility is to exceed 98 peréent with a 30 day launch call
up time. The ALS should have a 95 percent launéh on schedule
‘:qapability and a system-wide surge capacity of up to five
launches in seven days. It must alsé be man rateablé and be
able to deliver the full spectrum of commercial and military
payloads regardless of classification. There is also ‘a
requirement to deliver.a payload to an operational orbit in
the event of an eﬁgine failure during ascent. [Ref. 1l4:p. 9]

What this program turns out to be is a development scheme
for an entirely new launch infrastructure and very neafly
estgblishes»a whole new paradigm for launch services in the
United States. The wide rangef of payloads cthat are
anticipated for this éystem make this program not only an
addition to the STS but also the replacement for all vehicles
other than the STS. 1In parﬁicular the Titan IV is scheduled
to be feplaced by the ALS in the 1999 tiﬁeframe and more than
likely the same fate awaits the Delta.

This is not unlike the rationale that gave the United
sta:eé the Space Shuttle. The overall objective in the ALS
p;oqram,is to produce a new vehicle and infrastructure that
Iwillvproyide.ﬁhe United stapeﬁ‘with:the capability for high
launch rates at low cost. Like the Space Shuttle progrém in
‘the late 1960's and early 1970's the ALS proéram'ii'also
dependent 6n new technology to reduce flight. costs and.
increase operatiénal reliabilityﬁ[Réf. 14:p. 3]; Althpugh

there is considerable .effort being made to use as mgéh
33
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existing hardware és possible, the major eiemehts of fhe ALS
incihde the new Advanced Solid Rocket Motors (ASRM) and the
new Space Transportation Main Engine (STME), both 6f which
will be reusable [Ref. 1l4:p. 92]. The ASRMs will be
‘refurbished in the same manner as the current STS éolid rocket
motors. The STMEs will be housed in propulsion and avionics
pods that will be jettisoned after 180 seconds of use and be
recovered and reused. [Ref.‘lszp. 363)

Aloﬁg_with these main elements it will be' necessary to
construct new facilities to suppoft the ALS. The additional
expenée for these new facilities are estimated to total 2.4
biilion 1991 dollars {[Ref. 14:p. 128). Conversations Wwith'
various experts on either side of the'Saturn/ALS argument
indicate that no matter what new launch system is developed
there will be nearly the same expense incurred for facilities.
Therefore for the purposes of this thesis these costs will be
ignored.' Also, since the ASRMs are being developed in support
of the STS these costs will alsoc be ignored.

. Since the rdcket engiﬁes themselyes are consideged to be
the critical element of cost in any'new lauhch sys;em; fRef.
'14:p. 120],'ignoring thése other parameters seems,reascnaﬁle.
Ey basing the . cost comparisén on ‘the ‘primary cost qfiver
‘associated with. two different systenms it is hoped that a.
clearer picture of the compérison between sysfems‘will emerge.
With this premise established,:the'fpllcwing section will

examine the cnsts associated with the development of the STME.
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B. THE SPACE TRANSPORTATION MAIN ENGINE

The Space Transportation Main Engine can be seen as a
follow-on to the Spaée Shuttle Main Ehgine (SSME). The STME
will be a gas generatqr, hydrogen engine (with liquid oxygen'
as the oxidizef and liquid hydrogen as tﬂe fuel). The STME is
anticipated fo ﬂave a thrust of 580,000 pounds in vacuum and
a specific impulse of 429 seconds in vacﬁum. It will operate
at a chamber pressuré of 2250 psia and have a dééign'
reliability of 0.999. [Ref. 1l4:p. 123] As a comparison the
SSME generates 488,900 bounds of thrust in vacuum, has a
specifig impulse of 453 seconds and operates at a chamber
préssure of 2999 psia. [Ref. 15:p- 415] As can be seen, the
STME will have increased thrust but will have reduced spécific
iﬁpulse and chamber'pressure and Qill therefore operate at a
lower temperature. It is hopéd that design margins can be
extended by using lowey temperatures and pressures in the STME
as compared to the SSME. It is also~hopedlthat'by using ﬂew

manufaétufing ﬁechniqnes, single point failures, i.e.,
'failures that will cause complete mission failure, of the
engine can be eliminated. [Ref.'14;p} 120) |

In order ﬁc"satisfy the requirement for payioad.
flexibility the STME will be éluste:ed in groups raﬁqiné from
three engines to as n@ny as“za-enginaa dapending en'thé
paylcad mass. Since these configurations are dependaht more

on the fiﬁal design of the launch vehicle into which these -
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engines will be put as opposed to the type of engine that will

.be used this topic will not be covered in any further detail.

C. PRCDUCTION OF THE S'I‘Mﬁ

Since the STME is essentially a'brand new engine, there is
quité an extensive develépment program associated thefewith.
First the particular technologies necesséry to realize this -
engine need to be explored, prototyped and tested. The goal of
theSe' technologies is to deVeiop‘ an engine that is mass
producible with low life cycle costs and high'reliability.
Curréntly thesé goals cannot be met by the hydrogen engines
now in service or'those used previously, to wit, the SSHME, the
'J-2, and the RL-10 [Ref. 1l4:p. 30].

The key elements that need.to pe developed to make a low
cost eigine are a new 1iquid»okygen turbopump, a new iiquid
hydrogen turbopump, new turbopump manﬁfactuting techniques,
new combustion devicés, new electromechanical propellaht flow
control'systemé, and a he& engine controller [Ref. 1l4:pp. 31~
44]. 1In the case og the turbopumps and the combustion deviceé
the apéroach being taken in ‘the ALS program 'is to derate
pressures, temperaturés-and vo;umes from those used in the
SSME for the same elements. In this‘way itvis expeﬁted that
there will be greater margins of safety buiit into these
elements . by not operéting at material critical séeeds;"
temperatures and-pfeésﬁres.‘ There will be greater use of new

‘manufacturing techniques in order to reduce the number of
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welds and parts required to manufacture each of these critical

parts and in so doing reducé'the‘nqmber of stress points and,
it is hoped, produce aniinexéensive, mass producible 2lement.
Also, for these critical elements, the ALS program will place
an emphasis on the use of_conQentional materials of greater
weight versus éxotic, liqhtweigﬁt materials as used in the
.SSME. This will help reduce thé cost of raw materials and will
provide greater margins qf.safety. The new;engine controller
and the propellant flow control systemé will use solid state
electronics and redundant;logic to enhance reliability and
will employ pfogrgmmab;e circuitry to-add flexibility. [Ref.
l4:pp. 40-42] .

It is anticipated thaﬁ the STME pfogram will start in
fiscai year 1992 with the prototype deQelopment and achieve a
first firing in 1995 and have anv initial operational
capability (IOC) 'in fiscal year 1999. The estimated cost to
IoC is 1066.0 million 1991 dollars; this includes both
recurring and n6n~recurrin§ costs. With a 30 engine.pér Year
érodﬁction rate it i# anticipated that the thecretigalAfiFSt
unit (TFU) will cost 11.46 million 1991 dollars. [Ref. 14:pp.
'122-125] | | - J

D. THE SHUTTLE-C -

The Shﬁﬁtle-c ié an unmaﬁned catgd variant éf the curfent
lSpace'Shuttlé and is ahticipated to be able ;o’provide‘the
United States with the heavy lift capability that will be




required in the future tRef. 16:p. 1). The configuration that
is currently being proposed willluse the existing solid rocket
motors, external fuel tank, and SSMEs from'the current Space
Shuttle. Payload capability of the Sﬁuttle-c to the space
station orbit will range from a minimum of 100,000 pounds for
a .two engine booster to 170,000 pounds fér the three engine
booster [Ref. 16:p. 1]. Possible follow-on imprdvemehts would .
. be Advanced Solid,Rocket Motors (ASRM) and SfMEs [Ref. 17:p.
7], possibly houééd in reéoverabie propulsion and avionics
pods [Ref. 18:p. 9]. |
The most notable external differencg from the current
Shuttle and the Shuttle-é is the conspicuous lack of wiﬂgs and
vertical tail. The reason for this lack éf conventional
flying surfaces is that the Shuttle-C Cargo Element (SCE) will
be an expendable payioad delivery container (Ref; 16:p. 2].
The SCE will be a cargo hold fifteen feet wide and 82 feet
long [(Ref. 17:p. 3] (as compared_with sixty feet long for the
current Shuttle) aftached,to a béattaii'that will contain manf
of the same coﬁpohents that afe_ in the boattail of. the
Qbaseiiﬁé‘”éhuttle. 'Depending on the éayléaé‘ mass to: be
delivered the boattail on the SCE will cont&in'either two or
three SSMEs. Since theﬁe-éngines_will be iost‘upon reentry,
the SSMEs used on the Shuttle-C will be those engines that
have been psed'on'hine Space Shuttle flights and would be due
for a major overhaul [Ref. 16:p. 2]. The lﬁss of two or three

540,000,000.00 engines'is,jdstified,by-the reduced overall .
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costs of placing payloads into orbit with an unmanned vehicle.
' This justification is based on the estimation‘ that the
Shﬁttle—c will be able to deliver its payloadsvfo orbit for
approxiﬁately $2000.00 per pound which isAaboﬁt half the cost
of the current Space Shuttle [Ref. 19]. So the savings.
realized by the Shuttle~C would be twofold,,i.e., lower launch
costs and greater payload. For examplej a 100,000 pound
payload would only need one launch of the Shuttle-C at ab&ut
$200,000,000.00 Eut would require two launches of fhg Space
Shuttle at a cost of about $400,000,000.00. Therefore it
would seem that the Shuttle-C should be able to delivervmore
payload at lower cost and at less risk than the Spécé Shuttle.
Thése are costs that are projected for the initial desigr of
the Shuttle~C. The fbllOWfon version may result in greatef
savings but as. of this writing tﬁere 'are. ne estimates
available to support ﬁhat claim,

Another advantage of the Shuttle-q.is high commonality
with the facilities and equipment that éupport the Spacé
 Shuttle. From a launch facility‘standpointAthe Shut;le-é is
identical to the baseline Shuttle and very few changes would
heed to be made to make flight practical (Ref. 18:p. 9]; 'This’
advanﬁaqe would help expedite the transition froﬁ'design.to
| 6perations'and it would also remove the 2.4.biilicn dollar
investment that would be required‘for'aﬁy.other new 1$unch

vehicle.
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It is anticipated that the first operational flights of
the baseline Shuttle-C could occur three years after approval
.{Ref. 20:p. 8]. o

The Shuttle-C seems to be an attractive option to £ill the
void in the United States Heavy Lift Launch Vehicle inventory.
Low.development costs and quick operational capability are the
strong suits of the Shuttle-C, the weak link in the Shuttle-C -
chain is the continued reliance on the SSME's with further

upgrade to the STME's.

E. ESERGIA
The SL-17 Energiatwas introduced':n 1987 as the main
powerplant for the Soviet Space Shuttie, Buran, but is. capable
of launching other payloads as well in a side mounted cargo
hold. The SL-17 looks something like the external tank of the
Space Shuttle except that it has hydrogen engines at 1ts base
vice putting the engines in the orhiter as the .J. S. chose.
The most frequent configucration see:d is, the large SL=-17 with
four, strap on. K-1 boosters and elther* the SOV1€t Space
Shuttle or the side mounted payload bay attached. The K-1
boosters are not at all like tbe boosters attached to the U.
S. Space Shuttle.  The K-1 boosters are attached to the core
| thiole in linked pairs and are powered by hydrocarbon engines
vice solid rocket_motors. These boosters are jettisoned after

 approximately 170 seconds of flight. There'may'be‘proVisions
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fof their reuse. Energia has been used in two launches of the
Soviet Space Shuttle, 5oth of which were successful, and one
launch of the side mounted payload carrier which failed té
achieve orbit due to thé failure of the orbit insertion module
of the payload carrier. [Raf. 15:p7 431]

Energia has considerable flexibility with regard to'the
payload it ié capable of deljvéring. This flexibility comes
from the modular design of the booster. By varying the upper
stages of the SL-17 and the number of strap-onslfhe payloadv
delivery capability to LEO can vary from 336,000 pounds .for
four strap-ons to 408,00C pounds for six strap-ons. It is also
capable of delivering 43,000'poﬁnds té-geostationary orbit,
77,000 pounds to the Moon, or 67,000 pounds fb Mars/Venus.
(Ref., 15:p. 431)

Sinéé the fall of the Warsaw Pact and the opportunities
that became available through glasnost and perestroika,
Glavcosmos; which is the Soviet Union's equivalent of NASA,
has offered ;heir launch vehicles coﬁmercially. 'The’SOVier
‘have successfully sold their launch serviées te India, France

'Snd Germany. They have alsoc sold é.fide to the MIR space
station to a Jépanese fourﬁalist for $12,000,000.00. .In the
'bnited States, a Houston,fTexas based, ppivately owned COmpahy
known as Space Commerce. Corporation (SCC) has the sole U. s.
marketing rig¢.:is for these serviées; {Ref. 21£p. 91)
According to the exécutiQe vice‘president and chief operating

officer of SCC, Mr. William B. Wirin, the pricing st#ucture
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for these services is highly negotiable. A rule of thumb that
Mr. Wirin uses to estimate costs for'launch services provided
by the Energia is $300,000,000.00 to $360,000,000.00 for a
220,000 pound payload to LEO. [Ref. 22] ’Although these are
rougb order of magnitude costs but they translate to $1§00.00
to $1600.00 per pound of payload to LEO, which is very
competitive in today'% market. |

There are, of course, very serious political and economic
implications. associated with the use ©of an international
launch system (especially those of the Soviet Union)lbut those
issues are béyond the scope of.this thesis. But if the
mission is defined as a certain number of pounds' of payload to
a specific orbit in a limited timeframe then, from éolely a
mission view point, the option of using the Soviet Union's
launch services may well be a most pragmatic solution to the

problem, of delivering payloads to space.
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V. COMPARISONS

A. INTRODUCTION

In order to compare tpe various launch systems: herein
described it is necessary that all of the systems be viewed in
the same context. For the purposes of this thesis'that
contéxt will be the ability of a particular‘laﬁnch system to
lift the requisite maés for Freedom ﬁo be manned and operating
by the end of calendar year 1999 and to do so in a cost
effective manner. | |
. This date is chosen because President Bush's.challenge of
20 July i989 stated that the establishment of Freedom in the
90's is our next critica; step in. the exploration of outer
spacé [Ref. 1:p. ;-1]. As the end of‘1991 approaches tnat
leaves precious little time for systems to be developed,
tested and certified. Therefore phe system chosen must ke
fairly low risk in that there is not much time to waii for'
aeveloping'technologies'to mature to the point of uséfulv
application. | In other words; the United Sfates ﬁeeds to
utilize a systém that is practical-in terms of the technology
availablé today. 7

It will be clearly evideﬁt to 'all concerned wheihet o% not
the constraint of timéiiness‘ isl ultimately 'satistigdb but

knowing whether or not the constraint of cost effectiveness is
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satisfied will be a bit more difficult to. discern. It is not
necessarily true that the system with the lowest brice tag
will be the most cost effective. Although loQ pfice willrbe
a major contributor to cost effectiveness other'attributes
will need to be considered as well.

These other attributes have been defined by the National
Space Council. On 24 July 1991 Vice-President Quayle,
chairman of the National Space Council, announced the ﬁational
Space Launch Strategy. In this strategy, new space launch
systems are expected to improve the national launch caﬁapility
by reducing operating costs and by imp;oviné'reliability,
responsiveﬁesé. and mission performance. Tﬁé new launch
system, including its supporting 'infrastruc§ure, will be
designed to support medium to heavy payload téduirements and
facilitatevevolutionary change asvrequirements change. The
new launch . system is expected to be unmanned ‘in the early
operational environment but must be man-rateable in the
Ifuture. [Ref. 23:p. 3]

With regardvto reliability, the current rate of all U. S.
ladnch vehicies is 92 per¢ent.'[Rgf. 22) 'Thefeforé, without
any other direction, it will be assumeg that the qoai.for

_ reliébility of any new launch system is the same as that set

" forth in the Advanced Launch System operational requirements

of greater than 98 percent for a particulatASYStem (Ref. 14:p.

9]. These same recuirements can be used to set goals for

_responsiveness and mission performance in the new national
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launch system as being required to meet a 95 percent launch on
schedule rate with 2 30 day launch call-up time. The‘new
laﬁnch system must be able to change out payloads in a maximum
of five days and be able to support a systgm wide surge
capacity of seven launches in five days. [Ref.vl4:p. 9]

With regard to reduced operational costs considerable
direction is derived frqm Public Law 100-180 in the Departmént
of Defense Authorization Act 1988/1989, Section 256 (101
Statute 1066). This law requires that the Advanced Launch
System willvbe requifed to lower recurring launch costs per
pound by'a facﬁor of ten as compared to current expendable
launch vehicle costs. For the putpéses of this law, current
launch costs are considered to be $3000.00 per pound to LEO in
1987 dollars. [Réf. 24:p 71) This would mean that a new
launch system would be required to reduce recurring lahnch_
costs to $300.00 pef pound' to LEO. (although it is uncleaf as
to whether or not this law,will apply only to the Advanced
Launch System or to aﬂy new launch system regardless of its .
name) . It is interesting to note that fhis is vefy nearly the
cost per pound goal of tﬁé Space Shﬁttle in’i973l[Ref. 12:p.
7-14]. - o | |

With the‘aforementibned'constraints and selected goals as
':efe;ence points for  comparisor, the following sections of
this chabter w;ll explore the advantages and disadvantages of

- each of the launch systems herein discussed.
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B. PROPULSION COMPARISON

What has »been diseussed so far with respect te the
propulsion eYStems that will ke used on a new iaunch vehicle
has been a hydrocarbeﬁ- fueled engine, the F-1, and two
hydrogen fueled engines, the STME and the SSME. It is assumed
that the oxidizer of choice will be liquid oxygen in all
cases. |

When compa;ing liquid rocket: fuels, several factors need
to be considefed before an intelligent choice between types"
can be made. ‘Ihe major factors that need to be eonsidered ere
ecenomic facters, performance characteristics,'and physica}.
" hazards. '

l1. Econceic Factors anad Physieal Hazards ofvruels

'It is desiraple‘to use a’' fuel that is economical,
i.e., it is available in large quantities and at low cost
tRef. 9:p. 168}. 1In the case of liquid hydrogen (LH,) and RP-
1 it is clear that RP~1 is the least expensive of the two by
a factor of five. In 1991, for quantities in the range that
~are expecfed fer a heavyfliftllaunchAvehicle, the price ﬁor a
"pound of LH, wAs $2.00 and the price of RP-1 was $0.40 [Ref.
257, ' ' | |
The productlon process for a fuel should be szmple and

should not require spec;al equlpment or exotic raw materials'
[Ref. 9:p. 168]. IRP—l is a specxflcally refined petroleum

nroduct very much like kerosene and 'is easxly produced in
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large guentities with very mrnimaL dangers [Ref; 9£p. 179].
LH, on the other hand is the coldest fuel of ch01ce. 'This low
temperature causes problems with regard to both economlcs and
physical hazards. | A
The low temperature of LH, qagses.‘problems ,with
tanking and piping because most metals lose their‘strength‘atv
such low temperatures. Therefore special materials need to be
used for the containment of LH, asvoppesed to the simpie
materials used for the containment efTRP-i.' The pipes and
'tanks must also be well insuleted'in order to avoid the
formatioin of solid or liquid air or iée on these srructures.
Also, due to the low temperature, all eommoneliquids and gases
solidify in LHZ‘ These solid contamihants can cause plugging
of orifices and valves. Therefore extreme care must be taken
to purge all llnes and tanks of air and m01sture by pulling a
vacuum or flushing with helium prior to 1ntroductlon of the
LH,. Another disadvantage of LH, is that when mixed with solid
oxygen or solid air the mixture is highly‘explosive._[Ref.
9:p. 180) ﬁ
| Sgall molecerar size is another problem with LH,.
This small size requ;res speczal attention. be paid to sealsj
and welds to av01d leaks through fittings and assemblles {Ref. .
25]. These problems wzth-LHz have obviously been overcome
through the years but remain a source of added expense aﬁd

risk when compared to the use of RP-1.
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2. Fuel Performance

Fuel performance can be measﬁred a number of &ays but
the most used measure and that used in this thesis is specific
iﬁpulse. Specific impulse is the total impulse, or thrust
force, per unit weight of propellant-[Ref.A9:p.‘21]. ‘More
simply, specific impulse is a measure of how efficiently a
fuel can ﬁove itself. LH, has a specific impulse of around
400 seconds and RP-1 has a specific impulse of around 300
seconds. This means that a pound of LH, can provide one third
more total force than a pound of RP-1. But this does not
necessarily mean that LH, is better than RP-1 at moving
rockets from the Earth to LEO. Althéugh the specifiés of fuel
performance is beyond the scope of this thegis it is important
to. understand how this difference in specific impulse will
afféct the cost. of a launch' vehicle. There are three
iﬁportant factors that directly affect léuﬁch vehicle costs as
a result of the'typeiof fuel chosen. The first is that LH, is
a much less dense fluel than RP-1, therefore it will occupy
more‘volume given an|equal mass [Ref. 9:p. 180]. Sécondly RP-
1 engines have iess maés for a given thrust requirement than
. LH, engines. ' And third, the gross mass of a iadnch‘vehiéle
" increases with velocity more rapialy with RP-1 than with LH,
[Ref. 26:p; 93]: |

Tﬁe first twovfactorSIAre simply a result of the
ﬁhysical properties |[of the fuels and how they are used. The

third point is germaphe in that at low velocities, 8 kilometers
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per second and less, RP-1 fueled vehicles have a 1ower dry

vehicle mass per fuel mass ratio than ILH, vehicles. For
reference, 8 kilometers per second is approximately 5 statute
miles per secondland is sufficient velocity for orbits above
100 miles. At velocitiés greater than 8 kilometers per second
LH, provides a lower dry vehicle mass per fuel mass ratio than
RP-l? What this means is that booster stages will be smaller
and lighter if powered by RP¥1 as opppsed to LH,. Therefore
from launch to orbital iqjection, RP-1 fueled vehicles lead to
lower dry masses than LH, fueled vehicles. (Ref. 26:p. 93] It
also means that LH, will proyide lower dry mass per fuel mass
ratibs than RP-1 once the vehicle is in orbit. Since vehicle
production costs tend to vary as a direct function of dry
weight then minimizing dry weight would be an 'important
consideration when trying to minimize launch vehicle costs
[Ref. 27:p. 248]. This is one reason that Dr. voﬁ Braun
found it necessary to suppcft the recommendations of the
SiiVerstein:commitpee report in 19 9. [Ref. 4:p. 46].
Therefore fuel performance is not just tied to the
ability of the vehicle to lift mass but is also a majof ,
cohside;ation‘in the cést of the launch vehicle, RP~1 has the .
capability of previdiﬁgvghe.mest efficient boost from the
qrdund to orbital velocity Qnd LH, is most efficient at
providing the velocity changes required once tﬁé vehicle is on

orbit.
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3. Fuel Performance Summary

It is evident that RP-1 is more ecgnomica;, less
dangerous, and provides for a more efficient velocity.change
from the launch pad to LEO as compared to LH,.

RP-; is one fifth the price of LH, and can be haﬁdled
by conventional means. RP-1 results .in more éfficiént

velocity changeé from the launch pad to orbital velocities and

will reduce the cost of the booster by reducing both its

weight and. its size. But it is also more efficient to use LH,
for on.orbit velocity changes than RP-1. What this;leads to
is a two.fuel 1launch aréhitecture iﬁ ofder to‘_maximize
efficiency and minimize costs. _

The next seétion will, very briefly, discuss the major
t--ade~offs that are pertinent to the argument between single
fuel laﬁnchlarchitectures, hydrogen booster and upper stages,
and two-fuel launch architéctures, hydrocarbon booster and

hydrogen upper stages.

C. S8INGLE FUEL VERSUS' TWO FUEL ARCHITECTURES .

Telephone 'éonversations with Mr. Tom Irby, Air Force
Systems cOmmand,‘Space Systems Divis;on, Mr. Billy ‘Shelton,
NASA, Marshall Sbace Flight Center, and Mr.-narryvcikanek,
Technical Manager, STME Phase B Studies, Marsh&ll space Flight
Center have all indicated that theré are twb'maﬁor pibbléms"
with adopting a two.fuel launch architecture. First there

would need to be two engihes, and second there would need to

50




be two sets of ground support equipment for the storage and

transfer of two types of fueis. [Refs. 28, 29, 30]

With regard to the problem of developing-and maintaining
the faCilities‘to support - two engines, Mr. Harry Cikanek
believes that economies of scale Qould be lost. The reasoning
for this is that if the same engine can be used for the
,booster and the upper stages, the STME'in this case, then the
ptoducﬁion rate can belhigher. With a higher production rate
then there-will be some cost savings as a result of the
projected 94% production rate curve for the STME. These
projected savings are expected to offset the added expense of
using a leéé efficient engine for the béost phase [Ref. 30].
Quantitative data supporting orirefuting this argument is not
available. \ |

In the case of the need‘to build more ground support
equipment, i.e., facilities for the storage and diétribution
of two fuels, Mr. Irby and Mr. Shelton believe that this would
add greatly to the non-recurrihg'costs of‘a new lauﬁch-sygtem.
Thgse a&ded) costs coupled with ‘the added costs 'of‘ the
, developmén£ of another engine would drive the initial'
investment cost of a new iaunch system too highL (Refs. 28,
 29]' Again there is no avajlable qnéntitative déga to support
'this argument. But there is a historical parallel. '

In the case of both the Atlas and the Delta Medium Launch -
Vehiéles the booster use§ RP~1 and the upper stages use LH,

(Ref. 15:pp. 413-~414). Both of these systems have been in
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operation since the 1960's and the supporting infrastructure

is still intact. Therefore it would seem unlikely that there
would need to be terribly gfeat added expense to adapt these
facilities to the use of a newilaunch system [Ref. 13].

Again, there is no guantitative data to support this argument.

b. COST COﬁPARISONS
1. F-1 Versus STME
| a. Dollar Costs

.In Chapter III above it was stated Ithat the
Theoretical First Unit (TFU) cost for the F-1 is
$16,300,000.00 in 1987 dollars [Ref. 8:p. 44}. Chapter IV
showed the cost of thé‘STME_TFU to be $11,460,000.00 in 1991
dollars (Ref. 14:pp. 122-125j. |

In order to accurately compare the costs of the

STME and the F-1 it will be necessary to adjust the F-1 engine
TFU cést for time. éy using Department of Defense deflators
for aircraft procurement it is possible to bring the 1987 cost

- of the F-1 TFU up to the level of 1991 dollars.

was deemed appropriate for two reasons. First, a similar
deflator tor rocket engines could not be found. Second, many
'manufaéturinq techniques,gsed for the production of modern

aircraft are used in the production of rocket engines.
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According to Data Search Associates of Fountain

Valley, California, costs that are estimated in 1957 dollars
can be adjusted to 1991 dollars by dividing the 1987 cosﬁs by
0.856 [Ref. 31:p. D-1]. Equation (1) shows the result for the

TFU of the F-1.

$16,300,000

= .,042,056.
0.856 $19,042,056.07 (1)

Since the cost of the first unit of the STME in
1991 dollars is $11,460,000.00 and the cost of the first unit
of the F-1 would be slightly more than $19,ooo",ooo.oo in 1991.
This being the caée it would seem that for a given production
run and learning curve then the cost of the STME'procurement
will be less than that for the F-1.
But this may be an unfair comparison since the F-1
provides nearly three times the‘thrust of the STME at only 1.7
rﬁime§vthe cost of thé 'TFU of the STME. So'if these costs are
adjusted further for the propuisive capabiliiy- that each
engine is able to proVide; a different cﬁnclusion can be
reached, Aﬁladjustment of this sort seem§ appropriate because
the primary function of a rocket engine is.to propel ﬁass. So
it would seem that a bettgr‘measure of cost effectiveness for
a rocket enéine is how much thrust is provided per dqllar as

opposed to' the total cost for a particular engine. ‘The
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adjustment that follows is conservative in that each engine
will be adjusted for the thrust capability in its most
efficient regime. For the F-1, sea level thrust will be used
since hydrocarboh engines ére best from launch to orbital
velocity and vacuum tﬁrust will be used for the STME for a
‘similar reason. Vacgum'thrustris always a larger number thaﬁ'
§eé level thrust. Also, the basic F-1 thrust of ;,522,000
pounds will be used versus the derivative thrust of 1,870,000
pounds. Eqﬁation (2) shows the propulsive adjustment for the

STME and Equation (3) shows the adjustment for the F-1.

$11,460,000 _ 19 9¢__$

(2)

580, 000pounds """ pounds
$19, 000,000 $
= 12,48 ——T
1,522,000pounds pounds (3)

What these two ‘adjustments show is thﬁt the F~1 provides its
thrust at 63% ofith; cﬁstﬂof the thrust provided by the STME.

To sﬁﬁmarizé, although the cost of the TFU for the
F-1 ‘is greater than that' for the STME, the F-1 is able to
ﬁrovide a g;Ven‘amouht of thrust at less cost than the STME.
The implicatioﬁ is thatlif a given thrust to weight ratio is
required at lift-off for safety reasons then the F-1 will be .

able to provide this thrust for 63% of the cost that the STME
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can provide the same thrust. Additionally since the dry mass
of a STME powered vehicls will be higher than the dry mass of
an F-1 powered vehicle then the STME bowered vehicle will be
'requifed to provide even more thrust than the F—i powered
vehicle in order to maintain the same margin of safefy.
Another way to compare the cost effectiveness of
the STME to that of the F-1 would be to evalﬁate the results
over the course of a mission model. In this way‘the cests for
the proéurement of a number of engines that will perform a
specific mission can be compared. For the purpose of this
particular comp;rison the mission will not se limited to 3just
that of deploying Freedom but the_mére broad scale mission as
described in Chapter I1I above. Chapter IT stated that the
overall mission requirements'weré on the order of 5,000,000
. pounds of payload to LEO‘pef year. The'last heavy 1ift launch
vehicle, in, terms of delivered payiéad, for the U.S. was the
Saturn V used during the Apollo missioﬁs. This will be the
'model of the vehiclé that . will be used in chis comparison.
Since this is a first order approxihation there is no Sttempt
to AdjustMVehic;é‘dry mass when the STME is substituted for
" the F-1. Alsc, 1in order to remove fhe cOmblications of
" inflation and discounting ovér time, a one year 1auhch cycle
will bé'aésuﬁed. Therefore the model will compare the costs,
for the engines only, to lift 5;000,600 bounds ofapayload'fromA
the launch pad to first stage burnout with a Saturn Vv thaﬁ,is

powered by either F-1 engines or the STME.
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The model will use the approximate vehicle mass for
the Apollo/Saturn mission S2-509. In this mission the vehicle
liftoff weight was approxirately 6,423,754 pounds. of this,
6,311,478’pounds were counsumed or Jjettisoned prior,ﬁo the
payload being esteblished in LEO. This left a payload in LEO
of 112,276 pounds. [Ref. 32:p. 1-6] To simpiify the
arithmet*c,_a 100,000 pound payload w1ill be &ssumed. At

liftoff, the five F-1 englnes were providing approxlmately

7,650,000'pounds of thrust [Ref. 32:p. 1-6]. This provided a

thrust to weight ratio of about 1.2 to 1. If the STMEs were

used instead of the F-1s then 13 engines would Le required in

order to maintain the same thrust to weight ratio. Since this
medel vehicle is delivering 100,600 pounds of paylocad to LEO
then 50 launches would be required to complete the stated
mission. That would require 250 F-1s or 650 STMEs. This

assumes the vacuum thrust level 'for the STME.

Although it is highly unlikely that this many

engines could reasonably be expected to be produced in one

year this w111 be assumed for this model. In order to

estimate the total cost of the procurement for either the F-1ls -

or the STMEs a learnxng curve needs to beée applied to the

produétion run. The learning curve has the effect of lowerzng

the cost as production quantltles double. The learnlng curve -

that will be used in this model will be that which was v .. to

estimate the cost of the TFU for the STME. Mr. Cikanek said

that the costs for the STME were rstimated using a 90%
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learning curve up until about June of 1991. Since then the
learning - curve ‘has changed but '‘a final figure 1is not
available. [Réf. 30] For the purposes of this model the same
learning curve'wili be applied to the production of the STME
and the F—l; This seemS'reasonable“in.that the processes
‘required for the production of either engine will be about the
same.. Equation (4) is the relatiﬁn that will be used to
estimate the totsl cost of a production run of 250 F;ls and:

650 STMEs:
TCou.ave. = AX"H | (4)

where TC_ .

cun. sve. 1S the total qcst of a production run using the

: éumulative";verage costs for the ifem being produced (this
'codld be done with unit coéts but the result will not c#ange
appreciably)} A is ﬁhe cost of the first unit or TFU, X is the
number of enhgines produced,band B is Log,, learning curﬁe
divided by Log,, 2. [Ref. 33] Equations (5, and ;6) shew the

result for the F-1s and the STMEs, respéctiiely.

TCp., = ($16,300,000) (250) -%® = $1,760,519,062.00  (5)

TCony = ($11,460,C00) (650) %% = $2,783,140,583.00 - (6)
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The results of Equations (5) and (6) clearly show that there
is more than a billion dollars difference between the total
cost~ for the STME ard the F-1 in this mission model.

A factor that is not taken into account in this
model is the effect of production rate. Production rate acts
similar to learning curve with respect to total costs. In the
case of the F-1 the TFU was predicated on a producfion run of
58 engines [Ref. 8:p. 44], and the TFU for the STME used a
'production run of 30 engi;es [Ref; 14:p; 123]. The production
rate factor for the STME was estimated by Mr. Cikanek to be.
94§' (Ref. 30]. - Since this modei is a first order
approximation and the coupling of production rate with
learning curve is more of a second order effect this coupling
will not be dbne here [Ref. 33)]. But by lowering the cost of
the TFﬁ forlthe STME to a point where the total cost of its
production run equals that of the F-1 an approximation gor'the
effect of production'rate can be seen. In this case the TFU

for the STME wéuld need to be lowered to the vicinity of
| $7,250,000.00. Which would bé a 63% reduction in fﬁe quoted
cost of $11.46 million for the STME TFU. If is not reasonable
to assume that a‘produ#tion rate of 94% could result in this
"amouﬁt 6f reductioh'iﬁ the total cost for the STME production
. run, | | |
In sﬁmmary} ;he F-~1 can provid; its thrust at less

cost than the STME, 19.76 dollars per pound for the STME and
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12.48 dollars per pdund for the F-1. Also, because qf the‘
higher thrust level provided by the F-1 compared to the STME,
fewer engines will need to be built. 1In the case of the model
presented above this results in more than‘a billion dollars
reduction in engine production cPsts.

| b. Time Costs

As preViously stated, it will be easy to determine
if the‘time constraint imposed on a new system is satisfied.
Either the new system will be able to provide services in the
allotted time or it will not. 1In the case of:the STME the
projected Initiai Operational Capability (IOC) is in calendar
year 2001 [Ref. 14:p. 12i]. This will obviously not satisfy'
the time cohétraint of providing heavy lift capability tc
-support the deployment of Freedom prior to the end of calendar
year 1999. On ﬁhe other hand, préduction-?-l engines aré
projected to be operational Qpprgximately 4.5 years after
approval of funds and refurbished F-1 engines may be available
2.5 years after approval of funds. [Ref. B:b. 43)

Thg F-1 may nnt be able  tQ satisfy the time
const:aint‘df providiné services for the deployment of Freedon
Cbut it certainly has a better chance of déiﬁg so than the
STME.

2. Bhuttle-C versus Energia
In the context of this treatment this compafisoﬁ’seems

appropriate in that both of these systems can provide roughly
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the same payload mass to LEO. Aiso'the dévglopment'costs

involved are mainly focused on the vehicle and the supportiné,
infrastructure and do not include the propuision system. In
the case of Shuttle-C the payload car;ier needs to be
daveloped and proven and in the case of Energia mating of U.
S. payloads to a SOViet‘launcher may require extensive work.

It may or may not be a valid assumption that mating U.
' 'S. payloads to a sSoviet booster and the blogisticai
requirements needed to deliver these paylcads to the Soviet
launch sites will not cost any more nor take any moré time
than the development gf the payload carrier for the Shuttle-cC.
But this is the assumption that is made for this 'section.
That beiné-the case, then the comparison between Shuttle~C and
Energia is moct. Shuttle-C and Energia appear equally likely
to be able to perform the mission of deploying Freedom by the
end of the 1990's and their dollar cost; for a pound of
'payload to LEO are comparable, also.

The major comparison between Shuttle-C and Energia is
~a topic beyond ﬁhe scope af this treatment. Shuttle~C ié
planned to use SSMEs that ére ready for_mqfof overhaul. The
question arisés, can the SSMEs provide the'areliability
reéuired'fo; the miésion? nrhe-main Eoncérn in this context
is, of .the Shuttle delays due td enqine_malfunction,hbw many
of these delays would nét have occﬁrréd if the Shuttle was

unmanned? Research into this question yielded no information.
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Perhaps this is a too subjective question to ask but it miéht'
be a primary scheéﬁle driver if Shuttle-C is developed.

The reliability of Energia is 100% but this is derived
from a very limited sampling and the source of the information
is not necessarily tne most reliable. [Ref. 15:p. 431].

The other main topic for comparing thé Shuttle-C. and
Energia are the politico-economic implications of using a
SoQiet launch vehicle. This would be a gobd topic for future

research but is beyond the scope of this thesis.
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VI. CONCLUSIONS

The F-1 engine was developed 1n a motivational "and
econonic climate that may he impossible to reproduce in the
near future in ﬁhe United States. The development 6f the F-1
and the vehicle that it powered was in response to a challenge
not unlike that which is facing the Unitced States today.
bupport for the F-1 draws it strength from the exhibited
reliability -during the Apollo program and the follow-on
developments'that improved on its inherent capabilities, most
notabiy the ability to modulate its thrust. Also the F-1 is
a more efficient pfopulsion system than the STME in the low
velocity regime. This efficiency will help reduce the overéll
cost of a new launch systen by }educing both the cost of the
fuel used and.the cost of the vehicle that is built. This is
a strength derived from <*he iﬁmutable laws of physics.

However, the prédicted economic efficiencies that might be

" gained from econonies ot scale for the production of the STME:

are based on the laws of economics, which are more difficult
to use for accurate predictions.

A new version o¢f. the F-1 'engine‘ can be ready for

~operational use in roughly half the time of the STME and might

thercfore be able to help deploy Freedom and begin the Lunar

and Martian missinans on schedule’.
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The option of, developing the Shuttle-C is attractive

except for the propulsion system that it will use. More
research needs to be done to see if the Shuttle-C wduld be
capable of performing within the schedule constraints required
for deploying Freedom by the end of 199§.

Energia 1is vaﬁv attractive option except fof the
uncertainties involved in knowing itsvtrue-reliability and
performance. This says nothing of the political uncertainties
ofbus;ng Energia. This option might benefit greatly from
conﬁinued reseafch.

The goal of the STS was to lower the cost of élacing
payloads into LEO to.a figu;elin the low hundreds of dollars
[Ref. 12:p. 7-14]. The goal of the ALS as directed by law is
to drop the cost‘éf placing a poﬁnd of payload into LEO to the
low hundreds of dollars also (Ref; 24:p. 71). Perhaps this is
an unfealistic goal considering the coﬁplexity of the problem.

It appears that the best option for the,Unité‘d States with ,'
regard to,fulfilling President’ Bush's cha;lengg|is to begin
maﬁufacturihg a high thrust,lhydrocarbon engine, such as the
F-1, as the éore engine for a new.vbcosﬁ Vehicle; ‘This
hydrocarb&h booster could be mated to upper stages with
céntauf or other hithy _feliablg,7 hydrogen;erled'.orbital
injection engines to deliver payloads to specified orbits with
precision and efficiencyf This typé of bécSter would be a

solution to the short term problem of deploying Freedom by the

. . ‘v . " 63




end of 1999 and it could also provide efficient and reliable .

lifting capability for the long term as well.
There may still be a nerd for a more reliable hydrogen

fueled STMEJIike'engine in the future. Centaur ‘and other

currently available systems may not be éble to provide the

thrust required for the missions of return to the Moon and
manned Martian exploratiqns.- Therefore tﬁe United ' States
aerospaCe;industry'should continﬁe further develbpment cf a
highly reliable STME-like engine. This engihe could then be
used as the next generation of uppér stage engines for these

more long term reguirements.
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" ABMA
ALS

ARPA

ASRM

DoD
EOR
I0C

LEO

' SCE
'SSME
STME
STS
TFU

USAF

APPENDIX A. ACRONYMS

Army Ballistic Missile Agenqy
Advanced Launch System -
Advanced Research'Projects Agency
Advanced Solid Rocket Booster
Department of Defense

Earth Orbit Rendezvous

Initial Operational Capability
Low Earth Orbit

Liquid Hydrogen

Lunar Orbit Rendezvous

Liquid oxygen

Marshall Space Flight Center
National Advisory Committee for Aeronautics

National Aeronautics'and Space Admiﬁistratich

Hydrocarbon Rocket Propellant
Space Commerce Corporation-
Shut£1e~c Cargo-Element

Space Shuttle Main Engine

Space Transportation Main Engine -

‘Space Transportation System

Theoretical First Unit

United States Air Force
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